Abstract: Land cover has a strong effect on the evapotranspiration (ET) and the hydrologic cycle. Urbanization alters the land cover affecting the surface energy balance and ET by, for example, urban encroachment in agricultural areas. This study investigates the potential utility of high resolution ET in determining more accurately the impact of land cover on water use for an agricultural area. The approach was to apply the physically based two-source energy balance (TSEB) model to very high resolution (~8 m) aircraft thermal data and compare the ET pattern and distribution to TSEB output using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data acquired on 2 August 2012. Modeled flux components were validated using measurements collected from a network of 16 eddy covariance (EC) towers at the study site. The modeled ET using the aircraft data agreed satisfactorily with the flux tower measurements and had better performance than the TSEB model applied to the ASTER data. The percent errors between ET closed by the Bowen ratio (BR) and residual (RE) approaches were 3 and 1%, respectively. It is shown that the high resolution aircraft ET can more accurately determine the change in ET magnitude by having pure pixels of the main land cover types, namely urban, agriculture, and natural vegetation. As a result, the ET histogram exhibits a significant bi-modal distribution which can be used to accurately distinguish the impact on ET from urban versus agricultural land cover areas and potentially monitor the effect on ET over a landscape due to small changes in land cover. At the coarser 90 m resolution of ASTER, the TSEB ET estimates are more often a combination of urban and agricultural land cover ET near the urban-agriculture land cover boundaries. As a result, the bi-modal distribution in ET is almost nonexistent. This study demonstrates the potential utility of high resolution ET mapping for more accurately determining the magnitude of the ET differences between cropland and urban land cover. It also suggests that, with high resolution thermal imagery, TSEB is a potential tool for monitoring the impact on ET due to relatively small changes in land cover as a result of urban expansion. Such a tool would be useful for watershed management.
Introduction
As an essential component of surface energy and water balance, evapotranspiration (ET) is critical to understanding the interactions between the hydrosphere, atmosphere, and biosphere [1] [2] [3] . The annual mean ET from the land surface accounts for approximately 60% of the average precipitation on a global basis [4] , while in arid and semi-arid regions of China, ET accounts for more than 70%
The Data

Study Area
This study was conducted in a desert-oasis zone in the middle of the Heihe River Basin. The Heihe River Basin is located in the middle part of Hexi corridor in the arid region of Northwest China ( Figure 1 ). It is the second largest inland river basin in China. The central part of the area is largely irrigated cropland covered by maize, vegetables, wheat, and orchard and surrounded by residential areas, wetlands, water bodies, the Gobi desert, and a sandy desert. The annual precipitation is approximately 100-250 mm, and the annual potential evaporation can reach as high as 1200-1800 mm. The terrain is flat with an elevation of about 1480 m above mean sea level. The environmental conditions of the Heihe River Basin have been deteriorating rapidly since the 1950s due to rapid growth in the population and economic development in the up-and mid-stream areas of the river basin [21] . Thus, a large number of studies on the hydrologic cycle, weather and climate ecology, and anthropogenic activities have been conducted in the Heihe River Basin [22] [23] [24] , such as the Watershed Allied Telemetry Experimental Research (HiWATER) project with the overall objective of building a world-class river basin observing system and of enhancing the utility of earth observations for eco-hydrological monitoring and water resource management at the basin scale [22] . Geographic location and land cover map of the study area. The land use map was obtained from a monthly land cover map data base of the Heihe River Basin [25] . The map in the lower left contains the approximate locations of the eddy covariance (EC) towers used in the validation of the TSEB fluxes and were deployed within the main experimental domain (rectangular box; EC1 indicated the first EC tower, and so on). The aircraft imagery was collected over portions of the study area, and its spatial coverage is indicated by the dash lines.
Field Measurements
The surface flux measurements are collected from the Multi-Scale Observation Experiment on Evapotranspiration (MUSOEXE) [26, 27] , which is the first thematic experiment in the HiWATER. The HiWATER-MUSOEXE established a flux observation network composed of two nested matrices: one large experimental area (30 × 30 km) and one smaller and more intensively instrumented (main) experimental area (5.5 × 5.5 km). The MUSOEXE campaign was conducted in the middle of the Heihe River Basin from May to September 2012. Seventeen EC systems together with automatic weather stations (AWSs) were deployed in the main experimental area. Among the 17 EC systems, 14 were installed in maize fields, and the other three were located in a residential area (EC4 in Figure 1 ), a vegetable field (EC1 in Figure 1) , and an orchard (EC17 in Figure 1 ), respectively.
The turbulent fluxes were measured by the EC system with a sampling frequency of 10 Hz. The sensor system is described in detail by Wang et al. [28] . Briefly the EC sensors included CSAT3 and EC150 (by Campbell Scientific Inc., Logan, UT, USA), LI-7500/7500A (by LI-COR, USA), and Gill-WM (by Gill Inst. Ltd., U.K.). (The use of trade, firm, or corporation names in this article is for the information and convenience of the reader. Such use does not constitute official endorsement or approval by the US Department of Agriculture or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable.) The raw data were processed using Edire software (http://www.geos.ed.ac.uk/abs/-research/micromet/EdiRE/) and averaged over 30 min. The ground heat flux was measured by using three soil heat flux plates buried at a depth of 5 cm around each EC tower. A soil moisture and temperature measurement system (SMTMS) was installed at each EC site to obtain the soil moisture and temperature profiles [28] . Meteorological data, including air temperature, humidity, wind speed, wind direction, surface pressure, and four components of radiation, were measured by the AWS network. The meteorological, soil moisture, soil temperature, and ground heat flux data were processed to 30 min averages. The soil surface heat flux was derived from the ground heat flux, soil moisture, and soil temperature by combining heat flux plate measurements and calorimetry [29] . Surface temperature was measured by an SI-111 infrared Figure 1 . Geographic location and land cover map of the study area. The land use map was obtained from a monthly land cover map data base of the Heihe River Basin [25] . The map in the lower left contains the approximate locations of the eddy covariance (EC) towers used in the validation of the TSEB fluxes and were deployed within the main experimental domain (rectangular box; EC1 indicated the first EC tower, and so on). The aircraft imagery was collected over portions of the study area, and its spatial coverage is indicated by the dash lines.
The turbulent fluxes were measured by the EC system with a sampling frequency of 10 Hz. The sensor system is described in detail by Wang et al. [28] . Briefly the EC sensors included CSAT3 and EC150 (by Campbell Scientific Inc., Logan, UT, USA), LI-7500/7500A (by LI-COR, USA), and Gill-WM (by Gill Inst. Ltd., U.K.). (The use of trade, firm, or corporation names in this article is for the information and convenience of the reader. Such use does not constitute official endorsement or approval by the US Department of Agriculture or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable.) The raw data were processed using Edire software (http://www.geos.ed.ac.uk/abs/-research/micromet/EdiRE/) and averaged over 30 min. The ground heat flux was measured by using three soil heat flux plates buried at a depth of 5 cm around each EC tower. A soil moisture and temperature measurement system (SMTMS) was installed at each EC site to obtain the soil moisture and temperature profiles [28] . Meteorological data, including air temperature, humidity, wind speed, wind direction, surface pressure, and four components of radiation, were measured by the AWS network. The meteorological, soil moisture, soil temperature, and ground heat flux data were processed to 30 min averages. The soil surface heat flux Remote Sens. 2019, 11, 613 4 of 18 was derived from the ground heat flux, soil moisture, and soil temperature by combining heat flux plate measurements and calorimetry [29] . Surface temperature was measured by an SI-111 infrared radiometer mounted at a 4 m height above ground on the EC towers. The absolute accuracy of the radiometer is ±0.2 • C. Vegetation structural parameters including leaf area index (LAI), fraction of vegetation cover ( f c ) and height of the vegetation (h c ) were also measured around each EC site during HiWATER-MUSOEXE campaign. LAI was measured 14 times during the growing season using a LiCor (LI-COR, Lincoln, NE, USA) LAI-2000, f c was estimated using a digital photography method [30] , and vegetation height was measured from a transect of ground measurements near the EC tower.
Aircraft and Satellite Data
The aircraft data were acquired by the Wide-Angle Infrared Dual-Mode Line/Area Array Scanner (WiDAS), which was designed and built by the Institute of Remote Sensing and Digital Earth of the Chinese Academy of Sciences and Beijing Normal University in 2008 [31] . The WiDAS system is comprised of one CCD camera (the wavelength range of five visible and near-infrared (VNIR) channels are 400-500 nm, 500-590 nm, 590-670 nm, 670-850 nm, and 850-1000 nm), one middle-infrared (MIR) camera (3-5 µm), and one thermal-infrared (TIR) camera (7.5-14 µm). The nadir spatial resolutions of the VNIR and TIR channels are 1.2 m and 7.9 m at a 1500 m flight height, respectively. As a wide-angle sensor, the largest view zenith angle is about 30 • for the VNIR bands and about 40 • for the TIR bands. More details of the WiDAS system is given in [31] . The WiDAS images were acquired in the middle reaches of the Heihe River Basin on 26 July, 2 August, and 3 August 2012. The acquired TIR images were calibrated by a Blackbody Mikron340 and atmospherically corrected using MODTRAN 4.0 with synchronous radio soundings. The VNIR and TIR images were co-registered and resampled to a spatial resolution of 7.5 m. However, comparison to the tower infrared radiometers, there was an observed 4.7 degree bias which was corrected via linear regression. This significantly improved measured-model agreement.
During the HiWATER-MUSOEXE campaign, ASTER images on eight cloud-free days (Day of Year (DOY) 151, 167, 176, 192, 215, 231, 240, and 247) were collected. The data included ASTER standard Level 2 land surface temperature and emissivity products (AST_08 and AST_05) retrieved by the temperature and emissivity separation algorithm [32] and ASTER Level 1 Precision Terrain Corrected Registered At-Sensor Radiance (AST_L1T). The surface reflectance was derived from AST_L1T through correcting the atmospheric effects with the Fast Line-of-sight Atmospheric Analysis of Hypercubes (FLAASH) [33] . The spatial resolution of AST08 is 90 m, and the spatial resolution of visible channels of ASTER is 15 m. Three tracks (Track 8-2, Track 9-2, and Track 10-2) of WiDAS images that cover the main experimental area of the HiWATER-MUSOEXE campaign and ASTER data on 2 August 2012 were used in this study.
Methodology
Model Description
The TSEB model was originally proposed by Norman et al. [10] to partition the energy fluxes between the soil and vegetation through balancing both the radiative temperature and convective (turbulent) heat fluxes of the soil and vegetated canopy components [34] . A number of revisions have been made to accommodate a wider range of land cover and environmental conditions, and to improve the capability of TSEB to partition radiative and convective fluxes between soil and vegetation canopy components under more heterogeneous cover conditions. These include replacing the divergence of net radiation for soil and canopy components with a more physically based algorithm and introducing a clumping factor to the model [35] , revising the soil resistance formulation [36] , and replacing the Priestley-Taylor with the Penman-Monteith formulation [37] , among others. A description of the TSEB model is briefly outlined below. A detailed description of TSEB algorithms has been published multiple Remote Sens. 2019, 11, 613 5 of 18 times, most recently by Kustas et al. [38] and Nieto et al. [39] . Without considering photosynthesis and advection, the net energy balance of the soil-canopy-atmosphere system is given by
where R n is the net radiation, H is the sensible heat flux, LE is the latent heat flux absorbed by water vapor when it evaporates from the soil surface and transpires from plants through stomata, and G is the soil heat flux. Subscripts "s" and "c" represents the soil and canopy components, respectively. According to Kustas and Norman [35] ,
where S is incident solar radiation, τ s is solar transmittance in the canopy, α s is soil albedo, Ln s and Ln c are longwave radiation for soil and canopy, and are estimated via the following expression:
where L sky , L s , and L c are longwave radiation from the sky, soil, and canopy, and can be calculated from the Stefan-Boltzmann equation using shelter level air temperature and vapor pressure, soil temperature, and canopy temperature. Ω is a clumping factor to characterize the heterogeneity of surface, and calculated by the formulation of Kustas et al. [36] . κ L is an extinction coefficient, whose calculation can be found in [40] , as can the calculation of transmittance, albedo, and extinction coefficients for soil and canopy. The surface soil heat flux G is parameterized as a fraction of Rn s by
where c is the empirical coefficient and tends to be 0. 35 , and has been expressed as a function of time to accommodate known temporal variation in this "constant" [41] . Assuming a single emissivity is used to represent the combined soil and vegetation, the ensemble directional radiometric temperature (T RAD (θ)) is determined by the fraction of the radiometer view that is occupied by soil versus vegetation expressed as
where T C and T S are vegetation canopy temperature and soil surface temperature. Usually, n = 4 for 8-14 µm and 10-12 µm wavelength bands. f (θ) is the fractional vegetation cover at the thermal sensor view angle θ. Assuming a spherical leaf angle distribution, f (θ) is expressed as,
The Priestley-Taylor formula was used to partition the latent heat flux between the soil and vegetation canopy. The latent heat flux from the vegetated canopy (LE c ) is initially computed as,
where α PT is the Priestley-Taylor parameter, f G is the fraction of the green LAI, ∆ is the slope of the saturation vapor pressure versus temperature curve, and γ is the psychrometer constant. After determining the LE c and G, H s and H c can be solved by combining the energy balance model (Equations (2) and (3)) and Equation (9) . When calculating the sensible heat flux H, there are two kinds of resistance schemes, "parallel" and "series". The former neglects energy exchange between soil and vegetation, while the latter allows such interactions. In this study, the "series" and "parallel" schemes are adopted for the resistance network under unstable and stable conditions, respectively. For more details on model convergence, please refer to Norman et al. [10] . The TSEB has been validated to a great extent over agricultural areas, with variable fractional vegetation cover, and under various climate conditions [42] [43] [44] .
Generation of Model Inputs
The inputs of TSEB include directional radiometric surface temperature and its viewing angle, clumping index, fractional vegetation cover or leaf area index, vegetation height and approximate leaf width, and meteorological data (i.e., incident solar radiation, air temperature, vapor pressure, surface pressure, and wind speed at a reference height above the surface). The spatial distributions of meteorological parameters are derived by interpolating the measurements collected from the AWS network using the inverse distance weighting method. The land cover map used for ET estimates from WiDAS data was derived from the WiDAS optical data using the object-oriented technique, whereas the land cover map used for the ASTER ET estimate was interpolated from a monthly 30 m land cover map derived from HJ-1/CCD data [25] . The directional radiometric surface temperature was extracted from the AST_08 and WiDAS ground-leaving radiance. The vegetation structure parameters (LAI, f c and h c ) were calculated using the established non-linear relationship between the satellite-derived normalized difference vegetation index (NDVI) and field measured vegetation parameters.
We first aggregated the 15 m ASTER NDVI to 90 m to match the spatial resolution of AST_08 TIR data and then established the non-linear relationship at a spatial resolution of 90 m. Previously, the vegetation parameters such as the LAI were estimated using a lookup table method for WiDAS [31] . However, since the WiDAS data were collected under dense vegetation cover conditions with LAI values of the order of 3.5 over much of the study domain, it was not possible to retrieve LAI, fractional cover, and canopy height directly from WiDAS data. Instead, we established non-linear relationships between these plant parameters and the NDVI at a 15 m spatial resolution using ASTER NDVI data and in situ measurements over the growing season. As a result, the vegetation parameters using the WiDAS imagery with TSEB were estimated by interpolating the values from the non-linear NDVI relationships from ASTER at 15 m resolution Figure 2 
Results and Discussion
Comparison with EC Measurements
The EC flux measurements typically have an issue of lack of energy closure, namely, the sum of the measured latent and sensible heat fluxes tends to be less than the available energy [45] . The energy imbalance will bring unavoidable bias errors when validating model estimated fluxes. The average closure ratio was computed to be about 80% for the 16 HiWATER EC sites. Usually, we have two methods to enforce the energy closure, the Bowen ratio (BR) method [46] and the λE residual (RE) approach [47] . According to the studies of Li et al. [34] , in well watered maize, the difference in H and LE estimates using the two energy balance closure methods was not significant. However, both energy closure methods were used in this study.
Another issue is the spatial representativeness of the EC system, which can reach hundreds of meters depending on the EC measurement height, wind speed and direction, vegetation height, aerodynamic roughness, and stability. A two-dimensional footprint model is employed to estimate the source area on the land-surface contributing to the eddy flux measurements [48, 49] , and to provide the prediction model of weighted source-area contribution. The two-dimensional footprint model is expressed as
where f (x, z m ) is the one-dimensional along-wind footprint model of Hsieh et al. [49] , x is the fetch in the upwind direction, z m is flux observation height, and σ y is the standard deviation in the lateral wind fluctuations. During the comparison between modeled and measured fluxes, we can calculate the gridded model output by integration using the following expression:
where i indicates a pixel in the model grid at location (x i , y i ), Flux(x i , y i ) is the modeled flux in the tower source area. Figure 3 is a comparison of component fluxes, and the statistical measures are defined in Table 1 . The validation data were linearly interpolated from the half hour values surrounding the overpass time of WiDAS or ASTER. Generally, the modeled component fluxes agree reasonably well with those observed, although discrepancies in the modeled and measure G tend to be greater. This may be due in part to the use of only three soil heat flux observations for the sites with more heterogeneous cover conditions, namely the vegetable, orchard, and residential field sites. Hence, the G observations are not adequately sampling the actual spatial and temporal variability in soil heat flux within the tower flux footprint.
In addition, at Tower Site 4 (EC4), with flux components denoted by solid symbols in Figure 3 , which was deployed in a residential area surrounded by buildings, trees, and bordering, an agricultural field is an outlier. Often residential areas will contain trees, lawns, and gardens that border buildings or in open spaces. This causes major difficulties in defining model input parameters for such a complex surface as well as determining the actual source area contributing to the EC flux. Therefore, the relatively large differences between modeled and measured fluxes observed for this complex land cover type is not unexpected.
uncertainties of the EC technique is typically of the order of 15-20% for H and LE [20] , similar to what was found for the HiWATER-MUSOEXE field campaign [28] .
Using ASTER data in TSEB, the agreement with measured H and LE significantly deteriorate, particularly for LE with RMSE values exceeding 130 W/m 2 . The values become even larger when compared to the unclosed (direct measurement) LE. However, the MAPE values for closed LE of 2 and 4% are still considered acceptable. Hence, in general, there is a significant reduction in RMSE and MAPE forcing closure using either the RE or the BR method. Since models conserve energy, it seems reasonable to also enforce energy balance closure with the EC measurements, although errors, principally in soil heat flux measurements, may under certain conditions be significant and hence cause greater uncertainty in tower fluxes. The results with closed fluxes indicate that TSEB performance is satisfactory since the uncertainties of the EC technique is typically of the order of 15-20% for H and LE [20] , similar to what was found for the HiWATER-MUSOEXE field campaign [28] .
Using ASTER data in TSEB, the agreement with measured H and LE significantly deteriorate, particularly for LE with RMSE values exceeding 130 W/m 2 . The values become even larger when compared to the unclosed (direct measurement) LE. However, the MAPE values for closed LE of 2 and 4% are still considered acceptable. 1 (3) 18 (16) 19 (54) 30 (34) 4 (15) 3 (2) 19 (54) 1 (4) a Bias:
O i ) * 100; where P i and O i are predicted and observed variables, respectively.
Spatial Pattern of Estimated ET
The spatial pattern of ET estimated from WiDAS and ASTER images are displayed in Figures 4-6 . Note that the overpass time of each WiDAS track (11:15, 11:41, and 12:06 local time for tracks 8-2, 9-2, and 10-2) and ASTER (12:19 local time) is different, so direct comparisons of the estimated ET of these two sources of land surface temperature were not made. However, it is reasonable to compare the ET patterns and evaluate the spatial distributions produced by TSEB with the ASTER and WIDAS imagery. As seen in both WiDAS and ASTER ET images, as expected, the ET of cropland (vegetation) is higher than the ET of non-cropland land cover types, such as natural semi-arid vegetation land cover containing small fractions of canopy cover, roads, and buildings around midday. Thus, the spatial distribution of high and low ET is likely to reflect the spatial distribution of cropland and non-cropland land covers. With the high resolution WiDAS ET images, we can clearly distinguish the impact of roads that connect residential areas on ET, and the effect on the ET of buildings can also be identified based on this imagery. However, the magnitude and boundaries of reduced ET from roads and buildings is obscured and not readily identified using the ASTER ET images. This result is consistent with the study of Li et al. [48] , who found that a pixel resolution of the order of 10 m is much more capable than a~100 m resolution in discriminating spatial patterns of ET due to land cover, moisture, and vegetation conditions in riparian areas and other landscapes where significant changes in land use occur at over tens of meters. Remote Sens. 2019, 10, x FOR PEER REVIEW 11 of 17 
Potential of Monitoring Land Cover Change and Water Use
Land cover change can have a strong effect on the magnitude of ET as well as the hydrological cycle [50, 51] . 
Land cover change can have a strong effect on the magnitude of ET as well as the hydrological cycle [50, 51] . Figures 4-6 compare WiDAS and ASTER ET maps as well as the ET histograms of the three land cover types of cropland: urban and low canopy cover (natural semiarid vegetation) and a combination of urban and low canopy cover under non-cropland land cover. Table 2 lists the percentage area estimated for each dominant land cover types and the corresponding mean ET value. As discussed in Section 4.2, the spatial pattern of ET is similar, but high resolution WiDAS ET provides much greater detail regarding the variability in the magnitude of ET and, more accurately, the areal extent and spatial pattern of ET for the different land cover types.
The mean ET values of urban and low vegetation cover are similar and are significantly different in magnitude for the cropland, which is irrigated. The ET divergence (standard deviation) of the urban land cover is larger than that of the semi-arid natural vegetation cover and cropland, which is probably due to the fact that there are still mixed pixels even at the WiDAS spatial resolutions. These mixed pixels tend to have greater variability in land surface temperature and cover than that at ASTER pixel resolution, which will tend to dampen these key inputs.
If we combined urban and low cover into the classification of non-cropland, the difference in the mean ET value between non-cropland and cropland is also significant. As shown in Table 2 , the mean ET values of non-cropland and cropland are~nominally 325 and 500 W/m 2 for Track 8-2 (Figure 4 ), 300 and 540 W/m 2 for Track 9-2 ( Figure 5) , and 345 and 570 W/m 2 for Track 10-2 ( Figure 6 ). If we look at the ET histogram of non-cropland and cropland, we see an obvious bimodal distribution from WiDAS ET, whereas the bimodal distribution is nearly non-existent using ASTER ET data. Thus, it is possible to distinguish the impact of ET on land cover type from non-cropland and cropland. One of the most common land cover conversions in agricultural areas is a change from cropland to urban/residential due to rapid urbanization. Thus, high resolution WiDAS ET maps (~10 m) can be used to monitoring the often small but rapid land cover change and the resulting shift in water use/ET. 
Conclusions
ET is a significant component of water and energy cycle at local, regional, and global scales. The physically based TSEB model has been proven to be a powerful tool for predicting surface energy balance and in particular, for ET or water use estimation. In this study, TSEB was first applied to high resolution WiDAS data and ASTER data to estimate ET over an agricultural region and then to evaluate the potential utility of high resolution imagery in creating a more accurate map of ET variation caused by the different land cover types.
The retrieved ET was validated with a network of EC tower measurements. The modeled component fluxes using WiDAS data were in reasonable agreement, with the observed component fluxes with RMSE values in ET closed by the Bowen ratio and residual methods of around 70 W/m 2 . The only exception was a residential site having a complex mixture of buildings and other impervious material, trees, crops, and other vegetation types within the flux tower footprint. RMSE values in LE were significantly larger at approximately 140 W/m 2 without enforcing closure. The errors in ET retrieved from ASTER data were greater, particularly for LE, which had RMSE values larger than 130 W/m 2 even with closed fluxes.
Regarding the spatial pattern of ET, the high resolution WiDAS ET distinguished a significant change in LE/ET magnitude and areal extent of the three main land cover types: irrigated cropland, urban (residential/roads/impervious surfaces), and natural semiarid vegetation. The significant changes in LE/ET magnitudes for the different land covers are obscured in the ASTER ET images. By comparison of the ET histograms of urban and low vegetation cover and cropland derived from WiDAS imagery, it is clear that the impact of anthropogenic land cover changes on ET can be monitored with much greater fidelity. This study demonstrates the potential utility of high resolution thermal imagery together with a robust model (TSEB) in detecting deviations in ET due to associated land cover changes in agricultural areas affected by urbanization. In particular, this study provides a potential tool for monitoring the impact on ET due to small perturbations in land cover, most often due to urban expansion or encroachment into agricultural areas.
